A combinatorial approach was used to present primary neurons with a large library of topographical features in the form of micropatterned substrate for high-throughput screening of physical neural-guidance cues that can effectively promote different aspects of neuronal development, including axon and dendritic outgrowth. Notably, the neuronal-guidance capability of specific features was automatically identified using a customized image processing software, thus significantly increasing the screening throughput with minimal subjective bias. Our results indicate that the anisotropic topographies promote axonal and in some cases dendritic extension relative to the isotropic topographies, while dendritic branching showed preference to plain substrates over the microscale features. The results from this work can be readily applied towards engineering novel biomaterials with precise surface topography that can serve as guidance conduits for neuro-regenerative applications. This novel topographical screening strategy combined with the automated processing capability can also be used for high-throughput screening of chemical or genetic regulatory factors in primary neurons.
T he development and assembly of the nervous system not only contribute to topographically conserved areas with local specialization, but also globally integrated activity at many levels ranging from firing of a single neuron to overall behavioral output. In addition to various chemical signals that have been extensively reported [1] [2] [3] , the extracellular environment also presents to cells a variety of geometrically-defined, three dimensional physical cues or topographies, on the order of micro-and nano-scale, that significantly affect the development, function, and regeneration of nervous tissues [4] [5] [6] [7] [8] . Specifically, neurons have been reported to be responsive to the local topography, with the earliest evidence presented by Paul Weiss in 1945 9 . Neural tissue contains a complex three-dimensional structure with various topographical features spanning a large spectrum of morphologies and sizes 10, 11 . In particular, neural cell bodies typically have diameters on the order of 10 mm (10-50 mm), whereas axons and dendrites have diameters in the micrometer range (typically, 0.2-3 mm) 12 ; the filopodia of rat hippocampal neuron growth cones have been reported to have thicknesses in multiples of 60 nm 13 . Non-myelinated axons were qualitatively reported to have a smoother surface, while extracellular matrix (ECM) components like fibronectin, collagen, and laminin have sub 100 nm features [14] [15] [16] . There are a number of instances in the developing nervous system in which cells migrate along the tracts of other cells or oriented ECM fibers by contact guidance 1, 17 . For example, migrating neuroblasts of the external granular layer of the cerebellum follow axon tracts that have already been laid 18 . However, compared to current understanding about the chemical neural guidance cues, the effects of topographical features on the development of nervous system, especially the distinct roles on the growth of axon or dendrites, are still remains elusive.
Recently, the application of micro-and nano-fabrication technologies in biomedical research has enabled creation of biomimetic structures that allow studying topographical regulation of cellular functions with unprecedented spatial and temporal resolution [19] [20] [21] . A significant milestone in this direction was the use of photolithography to pattern hydrophilic and hydrophobic compounds onto a silicon (Si) surface 22 , providing micrometer-level control over neuronal attachment and growth. Subsequently, a range of micropatterning 23, 24 , electrospun fibers 25, 26 , micro-/nanostructures 27 and microbeads 8 , have been employed to study the neuronal response to microscale topography. Prominently, these topographical features have been utilized to inhibit the initiation of glial scarring, by altering the geometry, roughness, size, shape, and materials of neural implants and to study differentiation 28, 29 . However, few systematic studies have been conducted to screen the precise topographical features that can promote or inhibit different aspects of neural functions 30, 31 . This study encompasses a combinatorial materiomics approach to identify physical neural-guidance cues; growing neuronal cells are subjected to a diverse set of topographical features in the form of micromolded substrates. In a high-throughput manner, we compare and analyze different aspects of neuronal development, including axon and dendritic outgrowth. Further, the neural-guidance effects derived from specific microscale topography patterns were automatically identified using in-house customized image processing algorithms, thus significantly increasing the analysis throughput with minimal subjective bias. Various patterns were designed for this study, including isotropic patterns (e.g. dots, grids, squares) that are symmetrical along both axes and anisotropic patterns (e.g. gratings) that are not symmetrical along both axes. The screening results indicate that the anisotropic topographies promote axonal extension, and some of the features also promote dendritic extension in comparison to isotropic topographies. Analysis of the neuronal dendritic branching indicates a preference for planar substrates rather than the microscale topographies. It is expected that the results from this work can be readily applied to engineer novel biomaterials with precise surface topography and creation of guidance conduits for neuroregenerative applications. This novel screening strategy combined with automated software processing can also be used for in vitro high-throughput screening of chemical or genetic regulatory factors in cultured neurons.
Results
Effects of patterned topography on neuron growth. To systematically investigate the guidance effects by topography, we first designed and constructed a library of micrometer scale features ranging from 2 to 15 mm in size ( Table 1 ). The feature geometries were either isotropic (dots, grids, and squares) or anisotropic (linear, circular, or angular gratings; triangles, and rectangles); planar substrate served as control, Figure 1 shows the brightfield images of some of the prominent features. These microscale features were 1 mm tall, and were replica molded with polydimethylsiloxane (PDMS) polymer. To evaluate the effects of patterned topography on axonal outgrowth, the primary hippocampal neurons were seeded and cultured for two days and then stained with axon specific markers (Tau1). At this stage, axons are already specified in a regular hippocampal culture 32 . As shown in Figure 2 , axons from hippocampal neuron cells grew on different micropatterned topographical features, and were differently contact-guided. The guidance was most obvious on the continuous grating and circular patterns as shown in Figure 2a , b, and c, the guided axons were following the transition edge between ridges (features raised above substrate) and grooves (regions between ridges) in these patterns. Further, the axons were longer on the gratings with width of 5 and 15 mm as compared to the narrow width patterns, and irrespective of the constant interspacing that was 2 mm. However, only minor guidance effects were observed with sporadic or isolated features, such as the patterned dots and triangles shown in Figure 2 d and e. In this case the axons were only guided along a few dots or triangles before losing tracks after a short distance. Axons on a flat surface are also shown in Figure 2 f for comparison.
For further analysis, we maintained the neuronal cells in culture for 4 days, the time required for the cells to start developing dendrites. The results from the fluorescent staining of dendrites (MAP2) are shown in Figure 3 . The imaging results showed that the topographical features were incapable of promoting the dendrite extension from the overlying neuronal cells, except for the directional triangular patterns that showed slightly better extension than other conditions. Image analysis results of the dendritic branching showed that there was no significant change in the number of branches on most of the microscale patterns, and the planar substrates showed slightly higher branching Figure 3f ; indicating that the dendritic structures were unaffected by the topography.
Automatic quantification of neuronal growth.
To quantitatively analyze the neuronal growth, we developed customized algorithms that could automatically quantify different aspects of neuronal growth. This Matlab-based program can be used to automatically capture delicate growth patterns, including axon length, dendrite length and arborization and neurite branching features, from large-amount image data. The automation significantly increased the throughput of our assays enabling us to accommodate more topographical guidance microstructures and test a large library in a high-throughput manner. Figure 4 shows an example of using the analysis scheme that was to analyze the axonal and dendritic outgrowth. The multiple steps employed during the analysis procedure are shown in Figure 4g -j, the detection algorithm also allowed identification of the cell bodies to calculate the neuronal cell density on each pattern. High-throughput analysis of axonal and dendritic outgrowth.
Proper axonal projection and dendritic arborization are critical for neural development as well as regeneration, it is thus helpful to guide and regulate the growth of axon. To implement our high-throughput analysis strategy using the customized program, we first analyzed the axonal length of neuronal cells (2 days in vitro (DIV)) growing on the patterned substrates with topographical features. As the analysis results indicate in Figure 5 , the grating patterns were most effective at enhancing the axonal outgrowth. The average axon length of the neuronal cells on grating patterns was 237 6 37 mm (mean 6 s.e.m., same below), almost 60% longer than the neurons growing on flat plain substrates. For the circular patterns, the axon length was 214 6 27 mm, 48% longer than the cells on the flat surface. On the breaking dot patterns, the axon length was much shorter (183 6 27 mm), indicating that non-continuous dot patterns lead to shorter axon length. 
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Our customized program enabled further comparison; the total pixels corresponding to an axon in a given image were normalized to the pixel number of cell bodies, to derive a total axonal outgrowth index. The results indicate that the axonal growth index is significantly larger on the grating pattern as compared to the circular and dot patterns (Figure 5c ). Although the longest axon length for neurons on the flat surface was shorter than those growing on various patterns (isotropic as well as anisotropic), more branches of axon were observed in cells on the flat surface. Specifically for the grating pattern, the total axonal outgrowth index is similar to that on the flat surface, indicating that neurons grew longer but less branched axon on the grating pattern. In case of the circular and dot patterns, both the axon length and the branching were limited, which might be because of the space constraint, the small gap between the circles and similarly between the sporadic dots. These results support some of the observations from a previous study by Yang et al 33 , they have shown that the average total neurite length on a non-patterned substrate was longer than on substrates patterned with 10 mm wide features, and the patterns could restrict the cell nucleus and reduce neurite extension. Our results from the combinatorial topographical screening show that continuous anisotropic patterns such as grat- ings and circles provide strong guidance cue and promote directional axonal growth; but there is reduced axonal branching.
Correspondingly image processing and analysis were also performed on the dendrite stained neurons. The total dendritic pixels were normalized to cell body pixel to drive a dendritic growth index as shown in Figure 6 . The larger the index number generally indicated a longer total dendrite length for cells on a specific pattern. The results showed that the dendritic growth was not sensitive to topographical features: the dendritic growth index on grating, circular, and dot patterns was 3.28 6 0.31, 3.18 6 0.43, and 3.19 6 0.37, respectively, no significant difference was observed to that seen on flat surface (2.85 6 0.59), as shown in Figure 6b and c. The branching index on the flat surface was higher compared to the patterned surface. Unlike axons, the dendritic growth was found to be insensitive on almost all topographical features tested in this study.
Discussion
Novel features of the high-throughput neural-guidance topography chip. The topography chip for high-throughput screening of physical cues as implemented in this study demonstrates a novel concept that enables parallel investigation of multiple neuronal guidance aspects (e.g. length of neurites, branching). The conventional cell-topography studies are costly and labor-intensive given the limited number of topographies that can be tested in a study, and the cumbersome manual procedure for image analysis and data processing. We designed our platform to include 71 distinct geometric patterns onto two PDMS platforms, thus enabling high-throughput combinatorial topographical screening. To check the influence of regularly patterned sporadic structures and continuous guidance on neural guidance either isotropic (dots, grids, squares) or anisotropic (linear, circular, and angular gratings; triangles, semicircles) structures were designed. The procedure for making the substrates involves fabricating a pattern master and PDMS polymer molding, making it easy to implement and enabling fast test cycles.
The standard image processing software is not able to provide a comprehensive analysis of the different aspects of neuronal morphology, also performing the analysis manually is labor-intensive and prone to observer-bias. To address this issue, we developed algorithms that automated the analysis of multiple images with better precision. The program integrates two novel features that will aid in the analysis of neuronal guidance. First, it effectively identifies the neuronal bodies and can determine the cell density, as well as the axon and/or dendrite length. Second, the program can also measure the branching of the extended structure. This feature makes the image-processing step much faster and eliminates any user prone errors.
Topographical cues regulate neural guidance. Topographical regulation of neuronal cell morphology has been documented in literature 5 , Our results from combinatorial topographical screening show that continuous anisotropic patterns such as gratings and circles provide strong guidance cue and promote directional axonal growth; but there is reduced axonal branching. The anisotropic grating patterns were most effective at enhancing the axonal outgrowth. The average axon length of the neuronal cells growing on grating patterns was approximately 60% greater, and those on the circular patterns approximately 48% greater than the cells growing on flat planar substrates. Similarly, on the isolated sporadic dot patterns, the axon length was much shorter, indicating that isolated dot patterns lead to shorter axon length, compared to grating or circle patterns. The results from dendritic tracking indicate that the dendrites were insensitive to topographical features, and the branching index on all features was lower as compared to that on flat surface. Overall, the result showed that topographical patterns could be utilized not only to provide guidance cues but also to determine the differential sensitivity of the neurites.
This integrated platform with automated analysis can easily reduce the testing time for a small library of topographical features from 4-5 weeks as in case of a conventional platform, to less than a week, only limited by the time required for optimal neuronal outgrowth. This novel combinatorial screening strategy can also be employed for in vitro high-throughput screening applications for identifying chemical, genetic regulatory factors in neuronal cells and biophysical parameters driving differentiation.
Conclusion. This work introduces a novel, easy to implement platform that can be used for combinatorial screening of topographical features that act as guidance cues and promote neuronal-guidance. Performing topographical screening in traditional in vitro culture is challenging, the microscale topography chip was designed and developed to address this limitation. A microarray format was adopted, and different isotropic shapes as well as anisotropic patterns were chosen. A total of 71 features were designed to extensively cover the different combination of shapes, sizes, and spacing. The chip was fabricated using the traditional photolithography to fabricate the master mold in Si followed by micromolding of PDMS polymer substrate. In order to expedite the image analysis, with minimal bias, we developed customized software for measuring the cell density, neurite length, and branching. A systematic study was then conducted to discern the effect of the microstructured guidance cues on the growing neurons. The results indicate that topographical parameters play a crucial role in determining not only the length of the axons and dendrites, but also their branching. Specifically, we found that the anisotropic topographies promote both axonal extension and in some cases dendritic extension, relative to the isotropic topographies and planar substrate. Analysis of the branching showed that the dendritic branching index was higher on planar substrates. Overall, we have demonstrated that this novel topography chip enables identification of neuronal-guidance cues; these results will augment our understanding of design parameters that can be useful for developing better neural implants. Furthermore, this chip can easily be adapted for identifying chemical, genetic regulatory factors in neuronal cells, and aptly be used as a high-throughput platform for neuroscience research. Methods Fabrication of engineered cell culture platform. Engineered platforms for neuron growth were fabricated using Si molds and PDMS replicas. Patterns consisting of gratings, circles, and dots with 5-15 mm wide ridges and 1 mm deep grooves were fabricated in Si and transferred onto PDMS substrates. First, 1 mm photoresist (SPR6112B) was spin-coated onto a clean Si wafer, this was followed by standard contact-mode UV exposure for 10 s, a 60 nm thick chromium mask was used for the patterning. The unexposed photoresist was removed using a lift-off process in acetone. The patterned Si wafer was then etched to a depth of 1 mm using the reactive ion etching (RIE) process operated at 16/4 sccm CF 4 /O 2 , 20 mTorr chamber pressure, and 100 W rf power. In order to promote easy demoulding of the PDMS replica, the etched Si master mold was coated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS) (Sigma-Aldrich, 97%), that renders the surface hydrophobic and facilitates demolding. A thin coating of FOTS was deposited onto the Si mold in a vacuum chamber for 5 h at 20uC. PDMS prepolymer (silicone elastomer base : curing agent w/ w 5 1051, Dow Corning Sylgard 184) was poured onto the Si master mold in a culture dish and degassed for 15 min at 20uC, followed by annealing at 80uC for 5 h on a temperature controlled hot plate. Cured PDMS replica with 1-2 mm thickness was then gently peeled off from the Si mold, cleaned and stored until further use. The final dimension of the topography chip was 10 mm by 10 mm with 71 distinct patterns on two chips. The replication fidelity of the microstructures was determined using bright-field imaging on an optical microscope.
Cell culture. Hippocampal neurons were cultured on PDMS substrates with various microfabricated patterns. Prior to cell culture, the PDMS substrates were cleaned by ultrasonication in 70% ethanol for 5 min, and rinsed thoroughly with DI water. These PDMS substrates were coated with polylysine (Sigma-Aldrich) at 100 mg/ml following overnight incubation, and then with laminin at 10 mg/ml (Life Technologies) for 4 h, prior to seeding the neuronal cells.
As previously described 34 , hippocampi tissue were dissected from E18 Sprague Dawley rats, and treated with papain (Sigma) for 30 min at 37uC. Dissociated neurons were prepared by triturating enzymatic treated tissue with a 1 ml pipette tip in Dulbecco's modified eagle medium (DMEM, Life Technologies) solution contain 10% fetal bovine serum (FBS). Neurons were then seeded onto the coated PDMS substrates at a density of 2-3 3 10 4 /cm 2 . After the initial adhesion of neuron cells (2 h after seeding), the medium was replaced by Neurobasal growth medium supplemented with B27 (Life Technologies), L-glutamine and penicillin/streptomycin. The non-adherent cells were gently washed off. The devices were maintained in a standard cell culture incubator at 37uC and 5% CO 2 with half of the growth medium replaced with fresh medium every 3-4 days.
Immunocytochemistry. Neuronal cells cultured on PDMS substrates were washed with phosphate-buffered saline (PBS) and with fixed with 4% paraformaldehyde (w/ v) for 30 min, permeablized by treatment with 0.25% Triton X-100 for 15 min, and then blocked with 4% bovine serum albumin (BSA) in PBS for 2 h at room temperature (or overnight at 4uC). Neuronal cells at 2 DIV were incubated for 2 h at room temperature with primary antibodies including mouse anti-Tau1 (Millipore) and chicken anti-Tubulin (Millipore) in 4% BSA that prevented nonspecific antibody binding. Neuronal cells at 4 DIV were incubated with primary antibodies including rabbit anti-MAP2 (Millipore) and chicken anti-Tubulin (Millipore) in 4% BSA for 2 h at room temperature. Following incubation with primary antibodies, the cultured neuronal cells were rinsed with PBS, and incubated with the secondary antibodies for 1 h, followed by rinsing with PBS.
Microscopy. Fluorescence images were acquired using an inverted microscope (IX81, Olympus) equipped with a CMOS camera (Neo, Andor), using a 10 3 objective with a numerical aperture of 0.4. Each sample was scanned with an exposure time of 100 ms at a resolution 2560 3 2160 pixels. A montage of 142 images for each labeled antibody was acquired with the respective filter set. All of the scanned images were then stitched together into one large montage (17458 by 14658 pixels) and corrected for overlap, intensity.
Image analysis. To quantify the growth of axons and dendrites on patterned substrates, customized computer algorithm were developed that enabled image analysis and automated measurement of the neurite length and branching numbers. A cell body detection algorithm was also developed to obtain the cell density on each patterned substrate and enabled calculating the variation. More details about the algorithms and the processing procedures explained in the Supplementary Note S1. The source code of the program is included in Supplementary Note S2. For the cell body detection algorithm, we first set a threshold to segment the original image to a binary image. We then used morphological filter to remove small area pixels, classify the connected components, and differentiate the cell bodies. Finally, to perform classification we used equivalent circle to remove the unrelated pixels and obtain the cell body image with the cell bodies identified.
For the length calculation algorithm, we first set a threshold to segment the original image to a binary image. We then performed morphological skeletonization to reduce the width of the dendrite to a single-pixel width. The small single-pixel lines were removed from the cell body, and the length of axon or dendrite was obtained by the total pixel accumulation over the single-pixel lines. For the branch calculation algorithm, we detected the corners of the dendrite paths used in the image from the length calculation. The number of dendrite branches was obtained by the accumulation of the total number of corners.
